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How strong is the case linking global release of chlorofluorocarbons to episodic disappearance of ozone from the Antarctic stratosphere each austral spring? Three lines of evidence defining a link are (i) observed containment in the vortex of CIO concentrations two orders of magnitude greater than normal levels; (ii) in situ observations obtained during ten high-altitude aircraft flights into the vortex as the ozone hole was forming that show a decrease in ozone concentrations as CIO concentrations increased; and (iii) a comparison between observed ozone loss rates and those predicted with the use of absolute concentrations of CIO and BrO, the rate-limiting radicals in an array of proposed catalytic cycles. Recent advances in our understanding of the kinetics, photochemistry, and structural details of key intermediates in these catalytic cycles as well as an improved absolute calibration for CIO and BrO concentrations at the temperatures and pressures encountered in the lower antarctic stratosphere have been essential for defining the link.
D r_t
URING THE LAST DECADE THERE HAS BEEN CONSIDERable growth in our understanding of the linkage among biological, chemical, and physical processes that interactively establish both the chemical composition of the atmosphere, ocean, and terrestrial domain, as well as the climate. Behind this evolving understanding of the network of dissimilar processes resides a growing body of experimental data that has led to increasing success in relating cause and effect.
Many examples of significant global-scale change have emerged during the last decade (1) , and one of the most important has been the discovery by Farman and co-workers (2) of episodic 03 loss each austral spring over the Antarctic continent. Building on 25 years of nearly continuous 03 column-density measurements from the British Antarctic Survey station at Halley Bay (77?S latitude), Farman began to detect brief periods of 03 decline extending over a 6-week period following the return of solar illumination each spring. Although the effect was subtle in the late 1970s, the signature strengthened through the 1980s such that by 1984 ozone depletion levels reached 30% in the October monthly mean values. Announcement of these observations in 1985 (2) led immediately to a complete mapping of the recurring and worsening event with the use of archived satellite data (3) . The mapping revealed that 03 loss was occurring in a region the size of the Antarctic continent commensurate with losses reported from Halley Bay. In the 4 years sincej 03 the total column 03 content over the Antarctic continent (4) (10% of the area of the Southern Hemisphere) was lost during the month of September and early October. This precipitous loss of 3% of the world's 03 in a period of 6 weeks graphically illustrates how rapidly global-scale atmospheric changes can occur. In this article we describe observational data that pertain to a single issue: the case linking chlorofluorocarbons (CFCs) to the observed loss of 03 in the Antarctic vortex. The central question is whether we can establish the causal link between surface release of CFCs and the massive loss of 03 in the Southern Hemisphere.
Theories to explain the cause of Antarctic 03 depletion blossomed after its discovery. On the basis of the highly layered distribution of 03, which peaks at 19 km over Antarctica, dynamical theories held that vertical advection driven by solar heating was responsible (5) . Detailed calculations coupling these dynamical processes to quantitative predictions of 03 loss from the vortex remained elusive, but there was an inherent simplicity in the concept of vertical motion displacing the 03 layer vertically or horizontally, thereby bringing in 03-poor air from the upper troposphere. Another class of theories surfaced that was in various forms tied to events external to Earth. Callis et al. (6) suggested that solar proton events could increase the production rate of nitrogen oxides in the polar region; NO and NO2 are chain-carrying radicals in the chemical catalysis of 03 where hv designates an ultraviolet photon and M signifies a collisional chaperone, either N2 or 02, and k is the pressure-and temperature-dependent rate constant of the rate-limiting step. The presence of radical-radical recombination to form structures bound by 10 to 20 kcal/mol, as exemplified by this mechanism, has implications for catalysis in general: for low-temperature regions of Earth's atmosphere this process opens up important photochemical channels that are as yet unexplored. Secondly, McElroy et al. (9) suggested that chlorine and bromine are coupled in 03 destruction through a three-step sequence (Mechanism II) Net: 203--302 These theories reflect the realization that 0 atoms could not be involved quantitatively in 03 destruction because the concentration of 0 atoms was too low in the polar stratosphere. The concentration is reduced there because of both the lack of ultraviolet radiation in late winter and the greater atmospheric density at the 03 concentration peak, which is -7 km lower in altitude in the polar regions than at midlatitudes. For completeness, however, we also consider the contribution tO 03 destruction by the original Rowland and Molina mechanism, which is rate limited by the reaction (Mechanism IV)
Other theories too numerous to mention never made it beyond the popular press. The first concerted experimental effort to evaluate these theories was the National Science Foundation National Ozone Experiment (NOZE I) expedition in the austral spring of 1986. This project collected ground-based spectroscopic data in the near ultraviolet, visible, middle-infrared, and millimeter-wave regions and balloonborne, in situ 03, particle, and temperature data. A great deal was learned from that expedition: (i) balloon sondes showed the time and altitude dependence of 03 loss and revealed that 03 was almost completely removed by the beginning of October in the core of the 03 layer (11) ; (ii) the ground-based, near ultraviolet-visible spectrometer showed that OCIO column densities were elevated by more than an order of magnitude over those obtained at midlatitude (12) and that NO2 column concentrations were low (13); (iii) millimeter-wave emission data showed that CIO densities in the vicinity of 20 km were elevated (14) ; and (iv) high-resolution, middle-infrared column measurements of ClONO2 and HCI concentrations provided strong evidence that chlorine chemistry was pertubd (15) .
Taken collectively, the NOZE I results substantiated the premise that the vortex was highly perturbed chemically and that hitherto more intuitively appealing dynamical theories were not without serious challenge. At the same time, it became clear that whatever specific mechanism was responsible for the removal of 03 from the vortex region, the stage for redistribution or destruction was set by strong diabatic cooling of the vortex core through the polar winter, coupled with isolation of the region from heat and momentum flux supplied from mid and low latitudes.
With an eye on establishing the mechanism for 03 removal, a joint NASA-NOAA-NSF-CMA expedition was organized (16) in which aircraft were used to obtain both in situ data in the vortex at the approximate altitude of the 03 concentration peak and survey data from immediately below the 03 layer from remote-sensing instruments and lidar. The NASA ER-2 and DC-8 aircraft platforms were used respectively for these observations. The subset of the AAOE data that directly addressed the role of CFCs in Antarctic 03 destruction was the in situ detection of halogen radicals from the ER-2 aircraft.
The Experiment
In situ detection of part-per-trillion levels of CIO and BrO in the stratosphere was achieved before the discovery of the Antarctic 03 hole. In the detection method, a flowing sample is extracted from the atmosphere, and CIO and BrO are chemically converted to Cl and Br by the rapid bimolecular reaction CIO (BrO) + NO -3 Cl (Br) + NO2. Then, atomic-resonance scattering, with the use of allowed electronic transitions in the vacuum ultraviolet, is used to determine the Cl and Br concentration. The high-intensity, spectrally pure emission used to induce atomic-resonance scattering by the halogen atoms contained in the atmospheric sample is obtained from Cl (Br) atoms in a low-pressure He plasma sustained by a 180-MHz field confined in a cylindrical quartz envelope with magnesium fluoride windows.
For application of this technique to aircraft observations, significant changes were made. The instrument has a double-ducted architecture ( Fig. 1 ) to provide control of the flow through the tandem optical axes used to detect CIO and BrO (17) . There were two components to the calibration. In tlte laboratory phase, the tandem optical axes ( Fig. 1) were removed frcrm the flight instrument and vacuum sealed into a flow reactor that provided a high-velocity flow of N2 -02 mixtures at the appropriate temperature, pressure, and velocity encountered during flight. That flow was seeded with a known concentration of Cl or Br (<10 ppb) determined with atomic absorption spectroscopy. For a given absolute concentration of the atom, the count rate of the instrument detector that resulted from atomic resonance scattering was determined simultaneously with the partial derivative of the Rayleighscattering signal as a function of the N2/02 concentration. In the airborne phase, the slope and intercept of the concentrationdependent Rayleigh scatter was analyzed at the midway point of each flight when the aircraft descended rapidly from 18.5 km to 13 km and then returned to altitude (18) .
Ozone was detected by its absorption of 254-nm light from a mercury resonance lamp. Two absorption chambers that alternately sampled ambient and 03-scrubbed air were used. For an integration time of 1 s, the detection limit was 0.5 to 1.0 ppbv at standard temperature and pressure. The accuracy for 03 concentration is ?5% (19) .
The Mission
Mission strategy (16) was to employ the medium-range (6000 km), high-altitude (19 km) ER-2 reconnaissance aircraft with the long-range (10,000 km), medium-altitude (11 km) DC-8 aircraft in an organized investigation of the Antarctic vortex region. Several scientific questions dominated the selection of a canonical ER-2 trajectory: If spatial or temporal changes in 03 are detected, can the effects of chemistry and dynamics be separated? What is the structure of 03 depletion? What is the extent, temperature dependence, size distribution, and chemical composition of particulate matter in the vortex? What are the spatial and temporal relations of 03 concentrations with those of reactive halogen and nitrogen compounds and with the abundance of polar stratospheric clouds? Is there sufficient CIO to sustain a rapid enough (when compared to observed 03 loss) non-0 atom catalytic chain? What is the extent of BrO involvement?
The adopted flight trajectory (Fig. 2) represented the maximum penetration distance afforded by performance and safety limitations of the ER-2 aircraft: rapid ascent from Punta Arenas, Chile (54?S), to 18 km, adherence to a constant potential-temperature, 0 (20), surface to 72?S, a rapid descent-ascent sequence to and from 13 km, a homeward leg on a fixed potential-temperature surface, and descent into Punta Arenas. Following two flights on 17 and 18 August, which were truncated by temperatures at altitude below the operating threshold of the ER-2 (-85?C), a series of ten flights was executed commencing on 23 August and ending on 22 September 1987.
Adherence to a surface of constant 0 on a given trajectory was important because 0 is a conserved quantity in any adiabatic process. Even though diabatic processes were important during the polar winter, through the 4-week period covered by the experiments intravortex motion was virtually adiabatic (21) . Atmospheric variability resulting from vertical displacements is suppressed in an isentropic (constant 0) reference frame. Typically, the ER-2 adhered to either the 450 K or 425 K surface on the southbound and northbound legs and scanned from 450 K (-18.5 km) to 350 K (-13 km) during dive segments.
The full data scan for the 23 August flight (Fig. 3) , from the time the aircraft reached altitude just south of Punta Arenas on the southbound leg to a point just before descent into Punta Arenas on the northbound leg, is representative of the data collected on all ten flights. The observations showed that equatorward of the vortex edge, CIO mixing ratios at altitude can be as low as those typically observed at mid-latitude (2 to 5 parts per trillion by volume, pptv). These are easily observed CIO mixing ratios because the detection threshold of the-instrument is 1 pptv for a 2-min integration time. The measured CIO mixing ratios exhibited a sharp transition poleward of the vortex edge and reached levels in the vortex more than two orders of magnitude higher than those observed outside the vortex. A dramatic vertical gradient in CIO mixing ratios is evident in the data from the southernmost descent-ascent sequence Latitude Latitude at 720S latitude (Fig. 3) .
Companion measurements obtained with instruments on board the ER-2 demonstrated that the region in which CIO was so dramatically amplified was sharply depleted in nitrogen oxides and nitric acid (22) , was suppressed in those tracers originating in the troposphere (23) , was markedly depleted in water vapor (24) , and, in the latter part of August, contained 03 concentrations suppressed by -15% relative to those observed in a band 100 in latitude equatorward of the CIO edge (25) . The sharp gradient in ClO thus defines the position of a chemically perturbed region (CPR), the contents of which strongly support the concept that ice particles initially seeded by nitric acid trihydrate (NAT) convert HCI and CIONO2 to Cl2 and HONO2 (26) (Fig. 4) . This process is summarized as follows (Fig. 4A) : The global source of stratospheric chlorine is now dominated by CFC release at ground level; mixing processes in the troposphere rapidly distribute those CFCs globally. Slow vertical transport carries the compounds to the middle stratosphere on a time scale of decades, where they are photolytically decomposed. Mixing processes in the stratosphere ensure that the mole fraction of chlorine atoms (chemically bound or free) is, to first order, independent of altitude, latitude, and longitude in the stratosphere.
Several processes may be responsible for repartitioning chlorine from its stable reservoir species, HCI and CIONO2, to the catalytically active forms, Cl and ClO (Fig. 4B) . Specifically, NAT particles grow to sizes 1 to 3 ,m in diameter, HCI is adsorbed onto the grain boundaries, and subsequent collisions with CIONO2 liberate Cl2 into the gas phase and tie up HONO2 in the ice structure
CIONO2(g) + HCI(s) --C12(g) + HONO2(S)
These processes have been studied in laboratory experiments (27) . Through the polar night as the entire core.of the vortex diabatically cools and descends, precipitation of crystals containing nitric acid to lower altitudes effectively removes both water vapor and the photochemical source for nitrogen oxides. Gas-phase Cl2 remains in the vortex. The Cl2 is extremely unstable in the presence of ultraviolet light and dissociates in a matter of hours following exposure to sunlight. Thus, photolysis, Cl2 + hv --Cl + Cl, initiates the catalytic sequences (Mechanisms I to IV).
Data from the southbound leg of the 23 August flight trajectory establishes a baseline comparison with the other flights in the sequence (Fig. 5) . Data from the nine additional flights reveal that (i) the variation of ClO observed on the flight of 23 August remained consistent to first order through the flight series; (ii) chlorine monoxide gradients at the CPR edge remained undiminished and showed signs of steepening through late September; (iii) peak ClO mixing ratios remained virtually constant at 1200 pptv from late August to late September for cases in which the aircraft penetrated the chemically perturbed region by 50 latitude or more; and (iv) the edge of the CPR migrated back and forth between latitudes of 640 and 71'S in response to the movement of synopticscale storm systems.
CFC-Ozone Case
Isolation of the chemically perturbed region. The first element in the case linking CFC release to Antarctic 03 depletion hinges on the containment created by the circumpolar jet that defines the perimeter of the Antarctic vortex. This containment has both a physical and a chemical component. Typical wind fields at cruise altitude (16, 28) of the ER-2 exhibited remarkable azimuthal symmetry with the center of rotation nearly coincident with the geographic South Pole. Peak winds of 50 to 100 m s-' (100 to 200 knots) were found in a latitude band from approximately 500 to 65'S. A region of restricted horizontal mixing characterized the region in a collar spanning 100 in latitude poleward of the peak wind field.
An analysis by Schoeberl and Hartmann (21) , obtained by comparing the Arctic and Antarctic vortices, demonstrates several important features. First, containment occurs over a wide interval in latitude, where surfaces of constant 0 are quasi-orthogonal to surfaces of constant potential vorticity (another conserved quantity in frictionless, adiabatic systems). Second, the region of high ClO is coincident with the volume in which the temperature is low enough to initiate a phase transition forming NAT particles. Thus, the size of the inner vortex, the CPR, is determined by temperature, whereas the size of the outer vortex is determined by the wind field. Evidence for the isolation provided by this physical confinement is the steep gradient in ClO concentration observed by the aircraft along surfaces of constant 0 (Fig. 3) .
In this CPR a gradient in the concentration of the CIO radical is maintained over a dynamic range previously observed only in laboratory systems; furthermore, the concentration of the free radical is of such magnitude in the vortex that the characteristic time for 03 loss by gas-phase homogeneous catalysis is short compared with the time constant for vertical exchange across surfaces of constant 0. In other words, in any volume element poleward of the CIO ledge, photochemical loss rates of 03 significantly exceed flux divergence. Thus the continuity equation for 03 403]dt = P-L-V 4) where P and L are the 03 photochemical production and removal terms, respectively, and V4) is the flux divergence resulting from atmospheric motion, can be closely approximated by the expression 4O3Ydt P -L In addition, because the rate of 03 production, P, is limited by the rate of 02 equal to the sum of the rate-limiting steps in mechanisms I to IV, exceeds P by several orders of magnitude (29) during the course of this experimental series. Thus, the time rate of change of 03 for the 23 August to 22 September 1987 period reduces to
on surfaces of constant 0. Neglect of the flux-divergence term leads to the question of whether dynamical exchange of mass across the vortex edge can occur, particularly poleward of the CIO ledge, which lies well inside the vortex defined by meteorological variables (30) . We concur with the conclusion of Schoeberl and Hartmann (21) that advective exchange of material in the region of the ER-2 dive (-7? poleward of the CIO ledge and 15? poleward of the polar jet core) will enhance demands placed on in situ chemical loss by at most 20%. However, collection of simultaneous, in situ tracer, CIO, BrO, 03, and meteorological data to altitudes of 30 km and to latitudes deeper into the vortex is a high priority on subsequent missions.
For purposes of isolating cause and effect, we are thus left with a highly perturbed and highly confined air mass that is separated spatially by an extremely thin transition region. Although the zone of constrained horizontal transport provides a semipermeable barrier maintaining the dramatic gradient in CIO concentration, there may, of course, have been earlier exchange of material across the interface on time scales of a few weeks. The elements are in place for testing chemical hypotheses.
The development of anticorrelation between C10 and 03. The second element in the case linking CFC release tO 03 destruction in the Antarctic vortex is the observed evolution of 03-C10 anticorrelation through the time period spanned by the ten ER-2 flights. Initial conditions were established on 23 August 1987 when the aircraft obtained simultaneous observations of CIO and 03 concentrations through the transition region (Fig. 5A) . Although there is evidence for a reduction of -15% in the 03 concentration poleward of the vortex edge in these data (31), the first-order observation is that 03 has emerged from the polar night without suffering dramatic reduction across the CPR transition. These data thus (Fig. 5A) provide an initial basis to interpret the temporal evolution of 03 in the presence -of enhanced levels of CIO.
The mission series yielded a ten-frame sequence of evolving C10-03 anticorrelation (Fig. 5B) . A monotonic decrease in 03 in the "beaker" defined by the CIO ledge is evident on inspection of the data from the ten-ffight sequence. Three weeks provides adequate time for the spatial distribution of CIO to leave an unmistakable imprint on the 03 distribution across the CPR edge (Fig. 5C) .
The contrast between the patterns in Fig. 5A and Fig. 5C is the most compelling message delivered by the observations. Although the presence of anticorrelation between two variables does not in itself prove a causal relation, the data sequence tracking the evolution of 03 depletion (in a contained region isolated from the atmosphere as a whole) from an initial condition in which there has been a marginal loss of ozone to a condition in which ozone has dropped precipitously spatially coincident with amplified levels of CIO is strong evidence of such a relation. The developing anticorrelation has been tracked by the in situ instrumentation through the transition region on spatial scales equal to, or less than, 1 km. These data provide discrimination that is difficult to achieve even under carefully controlled laboratory conditions.
The kinetics of ozone destruction by halogen radical catalysis. Quantitative analysis of the mechanism for 03 destruction in the vortex provides a final line of evidence. We have calculated the rate of 03 loss resulting from each catalytic cycle using in situ observations of C10 and BrO obtained from the ER-2 flights and compared that rate with the same quantity obtained from simultaneous observations of 03. Time rate of change of 03 resulting from each of the catalytic processes (Mechanisms I to IV) is equal to the rate-limiting step in each cycle. For example, Mechanism I will destroy 03 in a given volume element at a rate twice that of the slowest step in the catalytic quartet (because two 03 molecules are destroyed each time the cycle is completed). Thus for Mechanism I
where [ClO] ObS is the experimentally determined free-radical concentration.
Integration of this equation over a 24-hour period yields the amount of 03 removed in each diurnal cycle, which in turn can be set equal to the product of the square of the observed CIO concentration and an effective exposure time, Ati,p, for each mechanism:
This exposure time can be determined accurately by solving the ultraviolet radiative-transfer problem for solar zenith angles in the vicinity of 900 (32) In these calculations, we used the observed azimuthal symmetry of the trajectory motion about the geographic South Pole, coupled with the short period of latitudinal wobble of the parcel trajectories to limit our analysis to a single latitude band centered at 72?S. We also adopted a coordinate system in which variability introduced by adiabatic atmospheric motion is minimized. Specifically we calculated 03 loss rates on each of ten isentropic surfaces scanned by the aircraft. Because our objective was to characterize the rate of 03 destruction in the vortex as a whole, we selected the point of greatest penetration by the aircraft. This segment of the flight trajectory also provides vertical soundings and thus gives a detailed analysis of the altitude dependence of 03 destruction (Fig. 2) . Typically, a volume element circumscribes a complete trajectory in 4 to 6 days; therefore, a series of ten flights over a period of 31 days spans approximately six periods of circumpolar motion.
We compared observed 03 loss rates with those predicted by halogen catalysis using low-order polynomial fits of observed 03, CIO, and BrO concentrations versus time. Companion measurements of pressure and temperature were used to define the isentropic surfaces. Knowledge of solar zenith angles versus time for the 72?S latitude band provided the input needed to calculate exposure time in each diurnal cycle. Recent advances in understanding the kinetics of these radical-dimer catalytic processes complete the array of input data.
Recent laboratory studies are critical to our analysis. For Mechanism I, it is possible to convert in situ observations of CIO directly to 03 destruction rates if (and only if) this mechanism is rate limiting and the reaction rate constant, k1, is known for the appropriate temperature and pressure. Mechanism I is rate limiting if (i) the dominant isomer formed in the reaction of CIO with itself is the symmetric peroxy structure ClOOCl; (ii) photolysis of that structure yields two Cl atoms directly or by the photolysis products Cl + C1OO followed by thermal decomposition of C1OO; and (iii) thermal decomposition of C1202 is slow relative to photolysis. If, for example the product of C10 self reaction is the asymmetric form SCIENCE, VOL. 251
ClOClO, and photolysis of that structure yields Cl + OCIO, then the catalytic cycle would be terminated because OCIO photolysis yields an 0 atom that would regenerate O3. A quantitative analysis of 03 loss rates is now possible because (i) studies defining k, over the appropriate pressure-temperature regime have been reported (33) ; (ii) the detailed structure of the CIO dimer has been determined (34) with millimeter-wave emission techniques in conjunction with refined laboratory sources optimized for dimer formation; (iii) laboratory quantum-yield measurements of Cl-atom production from ClOOCl dimer photolysis at wavelengths appropriate to photodecomposition in the stratosphere have been carried out (35) and demonstrate that two Cl atoms are produced for each ultraviolet photon absorbed; and (iv) a full simulation of the temperature, pressure, and flow-velocity regime in which the ClO-BrO instrument operates has been completed. At pressures corresponding to 18 km these simulations result in absolute CIO concentrations 20% higher than values reported earlier (29) at the low temperatures encountered during the early stages of the Antarctic flight series. Flights after the end of August are unaffected at high altitude. At the low-temperature, highpressure extremes encountered near the bottom of the dive segments of the flights, our CIO concentrations are 75% higher than those reported earlier as a result of the full laboratory simulation of flight conditions.
Our objective is to use the in situ observations in such a way that the analysis is simple enough to be derived from first principles yet reflects properly the context of current experimental uncertainties, of which there are three. First, there is the uncertainty associated with the reported absolute concentration of CIO and BrO, +25% and +-35%, respectively, at 90% confidence limits. Second, there are uncertainties in the appropriate rate constants, k, and k2, which are in both cases +15%. Third, there is an uncertainty of ?15% associated with the assumption that the trajectories oscillate about the 72?S latitude belt and effectively average out varying ultraviolet exposure times. We are thus left with analytical uncertainties evenly distributed among three categories: observed radical concentrations, laboratory determination of reaction rate constants, and variations in effective exposure times during diurnal periods. These lead to an uncertainty of +35% in the determination of 03 loss. This uncertainty is considerably larger than what we judge to be the contribution from dynamic exchange into and out of the CPR during the course of this experimental series.
In a ten-level analysis between 18.5 (450 K) and 13 km (360 K) (summarized in Fig. 6 ), we find that 75% of the observed 03 loss rate is accounted for by Mechanism I alone and that the sum of Mechanisms I and II constitutes a catalytic destruction rate commensurate with observed ozone destruction rates.
A similar analysis of Mechanisms III and IV indicates that each of these processes constitutes a loss rate approximately 5% of the observed loss rate of ozone. Although we have considerable confidence in the simple steady-state relationship converting observed 03 concentrations to 0(3P) densities used in the quantitative analysis of Mechanism IV, we employed an upper limit of 1 pptv for the mixing ratio of HO2 for Mechanism III.
Summary
What sets Antarctic 03 depletion apart in the context of global change is both the severity of the phenomenon and the unusual decoupling of physical and chemical time constants that control transformation rates in a specific region of the atmosphere. We (36) have presented a case in three parts based upon simultaneous, in situ observations of CIO, BrO, and 03 concentrations designed to test catalytic processes coupling CFC release, which has elevated the stratospheric mixing ratio of chlorine from -1 ppb in 1950 to -3 ppb in 1990, to ozone depletion over Antarctica. When taken independently, each element in the case contains a segment of the puzzle that in itself is not conclusive. When taken together, however, they provide convincing evidence that the dramatic reduction in column-integrated 03 over the Antarctic continent would not have occurred had CFCs not been synthesized and then added to the atmosphere.
